Abstract: A model is described that can be used to estimate the bulk polarization of large rotating meteoroids in the magnetic field of a neutron star. The results of this model are applicable to the Supernova Neutrino Amino Acid Processing model, which describes one possible way in which the amino acids, known in nearly all cases to exhibit supramolecular chirality, could have become enantiomeric.
Introduction
Analyses of inclusions in meteoritic carbonaceous chondrites [1] [2] [3] [4] [5] [6] [7] have shown that the molecules of life, especially the amino acids, are made in outer space. Furthermore, some of the amino acids so synthesized tend to have the left-handed chirality that is observed almost entirely in earthly amino acids.
It is generally accepted that if some mechanism can introduce an imbalance in the populations of the left-and right-handed forms of any amino acid [5] , successive synthesis or evolution of the molecules involving autocatalytic reactions can amplify this enantiomerism ultimately to produce a single form. What is not well understood, however, is the mechanism by which the initial imbalance is produced, and the means by which it always produces the left-handed chirality observed in the amino acids. This enigma has been discussed in numerous reviews in past years (see, e.g., [8] [9] [10] [11] [12] [13] [14] ).
The energy states of the left-and right-handed forms have been shown, by detailed computations, to differ at most by infinitesimal amounts due to parity violation [15, 16] , so it would be difficult for thermal equilibrium to produce the imbalance. However, some evidence exists that electroweak parity-violating energy shifts could produce an enantiomeric excess if the molecules are in a gas-phase [17] .
Recent work [18, 19] has suggested that the chirality of the amino acids could be established in the magnetic field of a nascent neutron star from a core-collapse supernova via processing by the neutrinos that would be emitted. This model, the Supernova Neutrino Amino Acid Processing model, or SNAAP model, not only appears to produce a small chiral imbalance, but always produces the same sign of the chirality.
Another suggested mechanism lies with the processing of a population of amino acids by circularly polarized light [20] [21] [22] [23] [24] [25] ; this could select one chirality over the other. However, this solution does not easily explain why the physical conditions that would select one form in one place would not select the other in a different location. Nonetheless [22] , a region as small as a planetary system could be processed by the output from a localized region of a single star so that all of the light could be of a single circular polarization, and this could explain the observed meteoritic and Earth's results. Another problem with this model is that it must destroy large amounts of amino acids in order to produce significant enantiomerism [22] .
Another possibility [26] invokes selective processing by some manifestation of the weak interaction, which does violate parity conservation, so it might perform a chiral selection. This idea was based on earlier work [27, 28] . Mann et al. [26] focused on the β-decay of 14 C to produce the selective processing.
However, it was not possible in that study to show how simple β-decay could produce chiral-selective molecular destruction. A modern update on this possibility [29] does appear to produce some enantiomerism. Another suggestion [30] assumed that neutrinos emitted by a core-collapse supernova would selectively process the carbon or the hydrogen in the amino acids to produce enantiomerism. This suggestion also did not explain how a predisposition toward one or the other molecular chirality could evolve from the neutrino interactions. A similar suggestion [31] involves the effects of neutrinos from supernovae on molecular electrons. It was also suggested that the differences between ortho-and para-hydrogen pairs [32] in the amino acids could produce a chiral selection. The possibility that dark matter or cosmological neutrinos could select enantiomers has also been studied [33] .
In this paper, we study the capability of the SNAAP model for selective destruction of one molecular chirality. This extends previous work [19] to include the dynamical effects that would be produced on the amino acids that were included in meteoroids that were large enough to escape destruction by the supernova photons as they passed by a nascent neutron star. This model has many similarities to nuclear magnetic resonance, even though it is essentially classical. The study does show that the amino acids contained in a large meteoroid could undergo orientation from the magnetic field of the neutron star, subsequent chiral sub-state selection from the combination of that field and the rotation of the meteoroids, and finally chiral selection by the neutrinos emitted as the neutron star produced by a core-collapse supernova cools over its characteristic few second cooling time.
Section 2 reviews the SNAAP model. Section 3 presents the model by which we describe the chiral state selection and determines the resulting population imbalance. Section 4 estimates the magnitude of the enantiomeric excess that might be expected from this model, and Section 5 presents our conclusions.
The SNAAP Model
This model assumes that the neutrinos emitted from the nascent neutron star would interact with the amino acids that had been oriented by the neutron star's magnetic field. These molecules would have to be contained in large meteoroids that happened to be passing by the star as it became a supernova, so that they could survive the high temperature environment existing near the star. The crucial interaction that destroys 14 N, is 14 N +ν e → 14 C + e +
whereν e is an electron antineutrino and e + is a positron. It was also assumed that some imbalance in the total angular momentum of the molecules would be achieved, perhaps by the Buckingham effect [34, 35] , so that the conversion of 14 N to 14 C would, because of a spin selection effect on the strength of the interaction, preferentially destroy one orientation compared with the other. The geometry of this situation is indicated in Figure 1 , and the redistribution of the magnetic sub-state populations of the molecules is indicated in Figure 2 . The strength of the neutrino interactions that destroy the 14 N depends on the orientation of the neutrino's spin with that of the 14 N, as well as conservation of angular momentum. This is indicated by Equations (2) . The 14 C atom has a spin of zero.
Anti-aligned Case:
Aligned Case:
In Equation (2), the anti-aligned case, the two spin vectors on the left-hand side of the equation can add up to 1 2 and can equal the sum of the spin vectors on the right-hand side. In Equation (3), the aligned case, the two spin vectors on the left-hand side of the equation add up to 3 2 and cannot equal the spin vector sum on the right-hand side without an additional unit of angular momentum, indicated by the question mark. This must come from the wave function of the ν e or the e + , and it is known [36] to inhibit the destruction of 14 N in the aligned case with respect to the anti-aligned case by about an order of magnitude. in a zero magnetic field (a), and for left-handed molecules (b) and right-handed molecules (c) in the presence of an external magnetic field. The thickness of the line indicates the magnitude of the population of each sub-state [14, 19] . Courtesy of the International Journal of Molecular Sciences and Springer Publishing.
We expect that the alignment of the nuclear spin in the neutron star's magnetic field will result in a slight enantiomeric excess. The hyperfine interaction will couple the nuclear and electronic spins and has been well studied in stellar environments [37, 38] . Then, while the relationship is non-trivial for complex molecules, the molecular chirality can be shown to be related the electron angular momentum [39] . Thus, this would select one chirality on each side of the neutron star. Although the effects on the two sides of the star would come close to cancelling out if the neutrino fluxes were the same on both sides, that has been shown not to be the case in the strong magnetic field of a neutron star [40] [41] [42] [43] , hence one of the chiral states would then be selected.
Although the cross section for the neutrino-14 N interaction is tiny, roughly 10 −40 cm 2 , this will produce an enantiomeric excess of about a part in 10 6 in this model [19] . This is comparable to or greater than that achieved in other models, although direct comparison is difficult. As with any model of chirality selection, amplification, presumably by autocatalysis [10] [11] [12] [13] , which has been demonstrated to occur in laboratory experiments [44] [45] [46] [47] , is required to produce the order-of-a-few percent magnitudes of the enantiomeric excess observed in the meteorites, and the homochirality observed on Earth. Additional details of the SNAAP model are discussed in [14] and [19] .
Dynamical Model of Chiral State Selection
The vectors that are relevant to this model are shown in Figure 3 . These include the magnetic field vector, the molecular total angular momentum vector, and the vector that characterizes the rotation of the meteoroid in which the molecules are contained. Clearly the orientation of the rotation vector of the meteoroid, ω, is random with respect to the direction of the magnetic field, B, and the orientation of the molecules within the meteoroid is random with respect to the direction of ω. Thus any dynamical description of the effects associated with molecular sub-state reorientation needs to average over the directions of two of the vectors with respect to that of the magnetic field. A Monte Carlo code was written, and the averages performed, not only over the directions, but over the magnitude of the magnetic field B as well.
The quantity calculated by the Monte Carlo code is the bulk polarization of the meteoroid, M, which results from the interaction between the magnetic field of the nascent neutron star and the rotation of the meteoroid. This is similar to that from nuclear magnetic resonance, in which the slight imbalance in magnetic sub-state distribution in thermal equilibrium is shifted by a radiofrequency signal as the magnetic field passes through the value at which the energy difference between the sub-states is resonant. In the present model, the shift is not due to a resonant condition, but rather to an adiabatic transition between the chiral states that results from the interaction between the magnetic field of the neutron star and the rotating total angular momentum of each molecule.
The bulk polarization of the molecules trapped in a meteoroid will depend on the strength of the star's field at the meteoroid's location, the gyromagnetic ratio of the molecule γ, the meteoroid's angular speed, and the orientation of the angular velocity vector with respect to the magnetic field. In the reference frame of the meteoroid, the magnetic field has a component parallel to the angular velocity vector and a component perpendicular to this vector, with the perpendicular component rotating at the angular frequency of the meteoroid. The polarization is well-established in this condition [48] . For a population of polarized states with a rotating component of a magnetic field, the magnetization vector is given by the Bloch Equation [48] :
where the bulk magnetization M is initiated in the external magnetic field for a material with number density n and magnetic moment µ. The relaxation time, T R , corresponds to the damping time constant during which a magnetized medium returns to a state of random orientation. The last term in Equation (4) corresponds to the torque on the magnetic moment from the medium's motion in the external magnetic field. For a material of non-zero magnetic moment in an external magnetic field B • , the angular momentum vector will precess about the magnetic field axis with the precession frequency ω • = γB • . The rotation of the meteoroid in the magnetic field induces an NMR-like situation in which a rotating magnetic field B 1 exists about a stationary magnetic field B • in the reference frame of the meteoroid. In the case of an additional field B 1 perpendicular to the external field and rotating about B • with a frequency ω, the precession frequency about this field vector is defined as ω 1 = γB 1 . Equation (4) can then be solved by assuming a rotating reference frame in which B 1 is stationary.
We start with a simplified model in which the medium is assumed to be rotating at constant angular speed in the magnetic field from a central neutron star. For this situation, the time spent in the magnetic field is assumed to be much longer than the relaxation time. For this reason, we can take the stationary solution of the bulk magnetization:
from which the average magnetization of a population of molecules can be written in component form:
where ∆ω = ω − ω • . In Equation (6), the maximum polarization in the z direction, defined to be parallel to the field B • , will occur for a large ∆ω corresponding to a large difference in the perpendicular field rotation rate and the precession frequency about the parallel field. This corresponds to a minimum in the x and y components of the bulk magnetization. The overall polarization angle φ with respect to B • is given by:
The parallel and perpendicular components of the magnetic field are determined by the angle between the meteoroid's angular velocity vector and the magnetic field produced by the neutron star:
where θ is the angle between the angular velocity vector of the meteoroid and the local field vector of the neutron star B ns at the location of the meteoroid. The rotation rate of B ⊥ about B is equal to the angular speed of the meteoroid in the stellar field. Equation (6) shows that there is an interdependence of ∆ω and ω 1 . In order to examine this interdependence, we performed several Monte Carlo simulations of meteoroids in the vicinity of a neutron star's (dipole) magnetic field to simulate a spatial distribution of meteoroids with varying angular speeds and orientations relative to the external dipole field. Ideally, meteoroids in polar orbits will be most significantly affected as the neutrino spin vectors are aligned with the magnetic field in the neutron star's polar region. In this way, the average bulk polarization angle is determined using Equation (7).
For each simulation, meteoroids were assumed to be distributed evenly in a volume of space about the neutron star with random angular orientations and velocities. Several cases, listed in Table 1 , were studied. In each case, the volume distribution of meteoroids was assumed to be flat, as was the angular speed. For each sample in the Monte Carlo calculation, the components of the magnetization were calculated along with the polarization angle. These calculations have ignored the effects of thermalization. If such effects were important they would produce a competition between the thermalization lifetime and the time associated with producing the sub-state imbalance, which is the order of the inverse of the meteoroid rotation time. The lifetimes of the chiral states of the amino acids at the temperatures of outer space have been found to be hundreds of years or even much longer [49] , even at the relatively high temperatures assumed in that study. Thus we have assumed the thermalization times to be infinite.
Results
The calculated polarization distributions corresponding to the different sets of physical parameters indicated in Table 1 are shown in Figures 4-8 . The angular orientation of the meteoroid's rotation axis with respect to the polar field of the neutron star was assumed flat in this model. Figure 4 shows the results of Models A, B and C, in which the meteoroids are uniformly distributed in increasingly incremented radial regions as indicated in Table 1 . The angular speed of the meteoroid in each event varies uniformly between 0 and 10 rad s −1 . The distribution of polarization with respect to the stellar magnetic field vector is shown for these models in the figure. The bulk polarization is seen to increase dramatically with radius. For the random orientation of the meteoroid rotational velocity vectors, the value of the precession frequency ω 1 about the perpendicular component of the magnetic field in the meteoroid's reference frame decreases as well, resulting in a smaller perpendicular component of magnetization and a larger parallel component (Equation (6)). While one may conclude that larger radii are more important for this scenario, the neutrino fluence decreases with increasing radius, resulting in a reduced selective production effect. Likewise, as the field weakens, the overall polarization may be more susceptible to stochastic effects since the net torque of the external field is much weaker.
The effect of the angular speed of the meteoroid is shown in Figure 5 . There the radius ranges from 0.01 and 0.05 astronomical units (AU). Each model is used to explore an increasingly larger range of angular speeds. Equation (6) shows that a quasi-resonant condition occurs in the magnetic field in the case where ∆ω = 0. For a time that is long compared with the relaxation time of the molecule, the difference in rotational frequency and the magnetic field resonance frequency increases, resulting in a larger polarization component parallel to the magnetic field vector and smaller perpendicular components of polarization. Thus a larger rotation speed will move the meteoroid farther out of the resonant region. The smallest amount of polarization in the z direction will result for values of ∆ω = 0, or for meteoroid rotation speeds equal to that of the molecular precession frequency of the local magnetic field. For a gyromagnetic ratio of 2 × 10 7 rad s −1 T −1 and a surface magnetic field of 10 14 G, this would correspond to an angular speed of 5 rad s −1 at 0.025 AU. Thus, the effect of meteoroid rotation can be significant in reducing the overall polarization for small rotation rates. While the rotational rate distribution is assumed flat in this model, very likely the rotation rates are heavily weighted towards zero. The effect of the neutron star's surface magnetic field is shown in Figure 6 . Here, the surface field of the star is varied while a distribution of angular speeds and radii are simulated. While a higher field will exert a stronger initial torque on the molecules, the steady-state condition of the system for strong fields becomes more significantly affected by the randomly distributed perpendicular components of the field in the reference frame of the meteoroid. Then, the resonant precession frequency of the external field differs significantly from the angular speed of the meteoroid. The polarization distribution is then more strongly affected by the perpendicular components of the field.
The effects of increasing the molecular gyromagnetic ratios are similar to the effects of increasing the external magnetic fields. While a stronger gyromagnetic ratio will result in a larger external torque on the molecule's magnetic moment, the torque from the effective field, with a significant contribution from a perpendicular component, will contribute to the overall molecular orientation. This is shown in Figure 7 for Models A, J and K. In the steady state, a smaller gyromagnetic ratio results in a smaller contribution from the random orientations of the angular speed vectors of the meteoroids, and the overall polarization is more randomly distributed. However, even for a fairly large gyromagnetic ratio of 5 × 10 7 rad s −1 T −1 , there is a net polarization parallel to the local magnetic field. Finally, we examine the distribution of magnetic fields with Models K, L and M, the results of which are shown in Figure 8 . The meteoroids were assumed to be constrained within a radius of 0.01 to 0.05 AU about a population of stars with a distribution of magnetic fields as shown in Table 1 . As discussed previously, a stronger magnetic field will result in a loss of net polarization, so that Model M, with a distribution of larger magnetic fields, has a polarization distribution that is not as pronounced about zero degrees as in the case of Model L. These particular models are interesting as they enable a more accurate estimate of the enantiomerism that could be produced in the SNAAP model than was done previously. In [19] , an estimated cross section for antineutrino conversion of 14 N to 14 C was made from the results of [50] , and it was assumed that the minimum distance from the nascent neutron star to the meteoroid that would permit survival of the meteoroid would be 0.01 AU. At that distance the estimated enantiomeric excess was 1 × 10 −4 percent.
However, implicit in that assumption was the estimate that the molecular polarization was 100 percent. We have calculated the fraction of the molecules that occur within 10 degrees of the direction of the magnetic field of the neutron star, as determined from our calculations, and the results are given as the right hand column in the table. These results range from very small values to nearly 100 percent. The very small values occur at the smallest radii, at which the magnetic field becomes so strong that the model probably breaks down anyway. At a radius of 2 AU, our estimate of the bulk polarization is about 50 percent, and the neutrino flux will have fallen off from the value used in the estimate of [19] by a factor of 4. The result is that the estimated enantiomeric excess becomes 1 × 10 −5 percent; one part in 10 7 .
Does so low a value permit the SNAAP model to drive the ultimate homochirality of the Earth, or even the few percent enantiomeric excesses found in the meteoritic samples? The favored mechanism by which amplification could occur, autocatalysis, was originally suggested by Frank [10] , but has been elaborated since by others [11] [12] [13] . More significantly, it has been demonstrated experimentally [44] [45] [46] [47] , thus showing that autocatalysis does actually work. However, the minimum levels of enantiomeric excess in those experiments were fractions of a percent, several orders of magnitude larger than the value we estimate for the SNAAP model. However, existing experiments have not yet determined the lower limit for autocatalysis to prevail.
A qualitative evaluation of the optimal radius about the neutron star at which the polarization can occur can be made by examining the product of the neutrino flux and the average normalized polarization. This is described as the bulk polarization normalized to unity by subtracting this from π/4, which is the bulk polarization for a completely unpolarized medium.
The calculated polarization with respect to the magnetic field vector increases with radius while the neutrino flux decreases as r −2 . Thus the product of the normalized polarization and 1/r 2 will provide a rough idea of an optimal radius for which chiral selection occurs. This product is shown as a function of radius in Figure 9 for a surface field of 10 14 G and γ = 2 × 10 7 . We note, however, that this calculation does not account for the thermalization, the effects of which are difficult to estimate, since molecules buried in pockets of the meteoroid may be more immune to thermalization effects than those on the surface. 
Discussion
In order for an effective production of an enantiomeric excess of polar atoms/molecules via the SNAAP model, three things are required, i.e., (1) a strong external magnetic field, (2) a species with a non-zero magnetic moment (gyromagnetic ratio), and (3) an external polarized weak interaction mechanism. All three of these are satisfied by introducing a meteoroid containing a molecular species that is not initially polarized with respect to the magnetic field in the vicinity of a nascent neutron star from a core-collapse supernova. The meteoroid acts as the substrate carrying the molecular or atomic species, and the neutron star provides both the external magnetic field and the polarized weak interaction in the form of selective destruction of the molecule via neutrinos, which are naturally polar since they have a definite helicity. The differential in interaction cross sections between the neutrino-nucleus collisions in which the reactants are aligned parallel or anti-parallel, together with the asymmetric emission of the neutrinos, provides a difference in the destruction of the polar molecule and thus creates an enantiomeric excess.
In the present paper, we have investigated the likelihood of atomic or molecular polarization via meteoroid passage in the vicinity of a nascent neutron star. The meteoroids in this model provide a mode of transport by which molecules are moved close enough to the neutron star surface to benefit from the intense neutrino flux from the cooling star, but sufficiently distant and/or large to avoid complete destruction from supernova photons. Molecular polarization is accomplished via the intense magnetic field. Molecules within the meteoroid are polarized, and the bulk polarization of the material has been calculated for several situations. Magnetic resonance conditions have been examined as natural precession frequencies of the molecular medium interact with the angular speed of the meteoroid.
The presented model assumes a sampling of meteoroids in a variety of conditions including rotation rate, magnetic field, distance from the neutron star, and angular declination with respect to the neutron star's magnetic poles. Using this sampling in a Monte Carlo calculation, we have been able to determine a range of conditions for which the SNAAP model is most effective. While the average polarization in the presented samplings may favor a more pronounced polarization farther from the neutron star, we must also account for the fact that the neutrino interaction rate decreases dramatically with radius. Thus, the effect of increasing radius on polarization and neutrino reaction rate favors one condition while adversely affecting the other.
The final simulation in this study not only considered the effects of a population of meteoroids about a single star, but also the effects of various neutron star magnetic fields in a "galaxy wide" sampling to gain a perspective of the overall simulation. It is found that a net molecular polarization can be produced.
Of course, it is difficult to test the SNAAP model. However, one could envision bombarding amino acids contained in a strong magnetic field with neutrinos from, for example, the Spallation Neutron Source; such experiments were discussed in [14] . This would not provide a complete test of the model, but it would test the most basic features.
Confirmation of cosmic production of amino acid enantiomerism is crucial to the veracity of this or any other model that purports to explain how it is produced. Although the meteorites in which it has been observed are strongly suggestive, the data from the Rosetta mission and its lander Philae [51] , which at this writing are orbiting comet 67P/Churyumov-Gerasimenko, will establish whether enantiomerism is indeed created in the cosmos, and that the models describing the possible mechanisms must be given serious consideration. However, non-detection of enantiomerism will not necessarily reject these models. Glavin et al. [6] found that the meteoritic enantiomerism depended critically on the amount of aqueous alteration that the material had undergone before it arrived on Earth. Perhaps the water is essential for the formation of the enantiomeric supramolecular assembly. Alternatively, it may provide a mobility necessary for molecular alignment in the magnetic field. It has also been suggested [6, 52] that some molecule that is especially resistant to racemization, for example, alpha-dialkyl amino acids such as isovaline, could be formed by whatever process is responsible for producing its enantiomerism, and it could then transfer its asymmetry to other amino acids.
Perhaps Rosetta will reduce the parameter space in which we currently reside.
